Background. Recent advances in nuclear myocardial perfusion imaging (MPI) have made it possible to develop a dual-isotope protocol for high-speed acquisition with image quality and radiation delivery comparable to that obtained with conventional single isotope protocols. So far, no study has compared dual-isotope high-speed MPI to invasive coronary angiography (ICA) in a large cohort using a Cadmium-zinc-telluride SPECT system.
reductions in scan time 1 and in the dose of radiation delivered 2 without any loss in myocardial perfusion imaging quality in comparison with standard dualdetector cameras. 3 The increased photon-counting sensitivity of this type of camera can be used to investigate novel protocols that may offer advantages over standard myocardial perfusion imaging (MPI) protocols. Berman et al, using a gamma D-SPECT camera, showed that a stress thallium-201/rest technetium-99m protocol with high-speed SPECT MPI combines the superiority of thallium-201 for stress imaging and that of technetium99m agents for rest imaging. 4 Therefore, the use of dualisotope imaging is promising as it combines thallium-201 with technetium-99m agents for optimal image resolution and a simultaneous assessment of viability.
The evidence shows that nuclear medicine is highly effective in the diagnosis of coronary artery disease. 5 Many studies have compared the performance of standard dual-detector cameras with invasive coronary angiography (ICA). Fiechter et al reported the first validation of ultrafast dedicated cardiac gamma camera with CZT in comparison with ICA. However, this study was conducted using a novel hybrid SPECT/CT device and a technetium99m-tetrofosmin pharmacological stress/rest examination, 6 whereas stress thallium-201/rest technetium-99m sequential dual-isotope high-speed MPI has not yet been validated in comparison with ICA in a specific study using a Discovery NM 530c camera (DNM).
Therefore, the present study reports the first validation of a high-speed dual-isotope protocol for myocardial perfusion imaging using ICA as the standard of reference.
METHODS

Study Population
Patients admitted to the University Hospital of Grenoble for MPI prescribed in accordance with Appropriate Use Criteria for Cardiac Radionuclide Imaging 7 were evaluated over a year from May 2011 to April 2012. Patients with acute or recent ST-segment elevation myocardial infarction (MI), unstable angina within 3 months, coronary artery bypass grafting (CABG) surgery, non-ischaemic cardiomyopathy, and severely reduced left ventricular systolic function (EF \35%) were excluded. CAD detection using the new CZT camera with stress thallium-201/Rest technetium-99m-sestamibi DI-HS-MPI was compared with ICA. A total of 1,336 successive patients with a dual-isotope high-speed MPI evaluation were considered for inclusion into this study. Among these, patients who had undergone both dual-isotope high-speed MPI and ICA within 3 months after MPI were analyzed. In addition, patients with low likelihood of CAD (\10%) were also included into this study in order to determine the normalcy rate of this new device using the dual-isotope high-speed MPI protocol. The inclusions to determine the normalcy rate were specific of design study. All were, without history of cardiac disease, and all had been recruited among volunteers who wanted to benefit from a cardiac evaluation. Written informed consent was obtained from all patients for use of their clinical and imaging data for research purposes as approved by the Institutional Review Board. The ClinicalTrials.gov identifier for this study was NCT01785589.
Imaging and Stress Protocols
Dual-isotope high-speed MPI was performed as previously described. 4 Briefly, patients were instructed to discontinue beta-blocker drugs and calcium antagonists 48 hours before testing and nitrate 24 hours before testing. A bicycle exercise stress test (stepwise increments of 25 W every 2 minutes) was performed with an injection of thallium-201 at peak stress. Exercise was continued at the same effort level for an additional 60 seconds and was eventually stopped after a 6 minutes recovery period at low resistance. A horizontal or down-sloping ST-segment depression C1 mm or up-sloping C1.5 mm was considered positive for ischemia. For dipyridamole stress testing, patients were told to avoid caffeine-containing products for 24 hours before the test. Dipyridamole (0.56 mg/kg) was infused over 4 minutes, and thallium-201 was injected between minutes 6 and minute 8 after the beginning of dipyridamole infusion. When neither exercise testing nor dipyridamole could be used, patients were given a dobutamine stress test. Intravenous dobutamine was administered at incremental doses of 5, 10, 15, 20, 25, 30 , and 40 lg/kg/minutes at 3 minutes intervals. Therefore, at peak stress, patients were injected with thallium-201. Five-to-10 minutes after stress a 5-minutes supine acquisition was performed followed by a 5-minutes prone acquisition. Subsequently, technetium-99m-sestamibi was injected, and 2 minutes later a single 5-minutes rest acquisition was performed. Acquisition time was established on previous results in 38 patients, which compared performance of CZT scan to classic acquisition time of anger camera (unpublished results). The ultrafast protocol used is shown in Figure 1 . During stress acquisition, patients were imaged in supine and prone positions with their arms positioned over their head. The rest acquisition was only acquired in supine position. The gated SPECT studies were performed at rest in the supine position. Injected activity (IA) was adjusted for patient weight. For weights of \80 kg/ 80-100 kg/[100 kg, thallium-201 IAs were 74/92/111 MBq and technetium-99m-sestamibi IAs were 300/370/450 MBq, respectively. The effective dose was calculated using ICRP 103 8, 9 tissue weighting factors and assumptions on the biodistribution data based on data from Krahwinkel et al and Thomas et al for thallium-201.
10,11
CZT Camera
Ultrafast imaging was performed using a Discovery NM 530c camera (DNM, GE Healthcare) fitted with a multi-pinhole collimator and 19 stationary CZT detectors allowing the simultaneous acquisition of 19 cardiac views. Each detector consists of 32 9 32 pixelated CZT elements. All stress and rest acquisition were preceded by thorough positioning of the heart within the center of the field-of-view utilizing the real-time persistence imaging tool.
Analysis of Perfusion Images and Image Quality
Stress and rest perfusion images of high-speed SPECT were semi-quantitatively scored using a 17-segment model of the left ventricle and a 5-point scale (0 = normal, 1 = equivocal, 2 = moderate, 3 = severely reduced radiotracer uptake, and 4 = no detectable uptake) by two experienced nuclear cardiologists (AC, DF) blinded to clinical and ICA data. Discordant findings were resolved by consensus. Global summed stress score (SSS), summed rest score (SRS), and summed difference score (SDS) were calculated for the 17 segments in the stress and rest images, respectively. Scans were considered as normal when SSS was \4. Perfusion defects were assigned to coronary territories using the American Heart Association coronary arterial segment model. 12 By comparing supine and prone images, defects that changed their location were considered to artifactual, while defects remaining fixed were considered to true perfusion defects. The whole of high-speed SPECT images (supine and prone imaging at stress and imaging at rest) were scored by AC and DF for image quality using a 4-point scale: 1 = excellent, 2 = good, 3 = acceptable, and 4 = unacceptable. Furthermore, in order to assess the variability of measurements (using the SSS), 20 randomly selected patients with dual-isotope high-speed MPI were evaluated twice in a random order by the same observer for intra-observer variability, and by two different observers for inter-observer variability.
Coronary Angiography
Selective conventional coronary angiography was performed using standard techniques (Philips Allura Xper FD10, Philips Healthcare). All patients were evaluated using quantitative coronary angiography (QCA [Vepro Computersysteme GmbH]) by two cardiologists (GB, EV) blinded to clinical data and the DI-HS-MPI results. Discordant findings were resolved by consensus. The standard 15-segment American Heart Association classification system was used. All coronary artery stenoses were graded in at least two orthogonal views, and the measurement was made in the projection showing the highest degree of stenosis. Significant obstructive CAD was defined by the presence of a stenosis C70% in one or more of the three-epicardial vessels or C50% in the left main coronary artery.
Normalcy Rate
The pre-scan likelihood of CAD was based on age, sex, symptoms, risk factors, and the results of the subject's stress electrocardiogram. 13 Normalcy rate was assessed in patients with a pre-scan likelihood of CAD of less than 10% by experienced nuclear cardiologists (AC, DF) blinded to clinical data. Discordant findings were resolved by consensus.
Statistical Analysis
Statistical analysis was conducted using SPSS Ò version 15.0 software (SPSS Inc., Chicago, Illinois, USA). All continuous variables are expressed as mean ± standard deviation. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy were calculated for MPI with respect to CAD detection. Dual-isotope high-speed MPI quantification variability was quantified by computing the intra-class correlation coefficient (ICC). Inter-observer reliability for SSS measurement was assessed using two-way random single-measure ICC analysis.
RESULTS
Population Characteristics
Clinical characteristics are listed in of patients presented with previously known CAD. Dual-isotope high-speed MPI was mainly performed in symptomatic patients (95%) presenting with typical angina pectoris, atypical chest pain, or dyspnea, but also in asymptomatic patients either for evaluation prior to vascular surgery (3%) or because of an elevated CAD risk (2%). Exercise testing was performed in 65 patients (62%), whereas pharmacological stress testing with dipyridamole or dobutamine was performed in 33 (32%) and 6 (6%) patients, respectively. Four patients presented left bundle branch block (LBBB) and 5 patients had a pacemaker. The mean injected dose of thallium-201 during stress was 82 ± 19 MBq (range 68-115 MBq) and the mean injected dose of technetium99m-sestamibi at rest was 314 ± 41 MBq (range 265-457 MBq). The DI-HS-MPI protocol was completed in 22.4 ± 4.5 minutes [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . One hundred percent of the MPI were ranked as being of either good or excellent in quality. In addition, intra-observer and inter-observer reproducibilities were high for SSS: ICC = 0.97 [95% CI 0.92-0.98] and 0.92 [95% CI 0.82-0.97], respectively. Mean SSS, SRS, and SDS were 8.0 ± 4.9, 3.1 ± 4.3, and 5.0 ± 3.2, respectively. Seventeen patients had a normal scan, whereas MPI was found to be mildly, moderately, or severely abnormal in 42, 30, and 15 patients, respectively. Among these abnormal scans, 35 patients presented entirely reversible ischemia and 52 patients had both reversible ischemia and fixed hypoperfusion. Finally, dual-isotope high-speed MPI was found to be normal in 101 out of 110 patients with a low (\10%) likelihood of CAD (normalcy rate = 92%). Clinical characteristics are listed in Table 2 . According to ICA, the prevalence of CAD was 75%. Among the 78 patients with CAD, 49 (63%) had single-vessel disease, 24 (31%) had 2-vessel disease, and 5 (6%) had 3-vessel disease. Among the 75 patients with single or 2-vessel disease, 33 showed significant stenosis of the left anterior descending (LAD) artery, 31 had significant stenosis of the left circumflex artery (LCx), 42 had significant stenosis of the right coronary artery (RCA), and 4 had significant coronary stenosis in the left main coronary artery.
Comparison Between Dual-Isotope HighSpeed MPI and ICA Diagnostic performance of dual-isotope high-speed MPI over ICA for the detection of CAD in the perpatient analysis was: sensitivity 94%; specificity 50%; PPV 85%; NPV 76%; and accuracy 83% (Figure 2 ). ROC curve analysis was performed using SSS from the quantitative assessment of stress perfusion (Figure 3) . The area under the curve for SSS, SRS, and SDS with dual-isotope high-speed MPI were 0.88 (95% CI 0.80-0.96), 0.67 (95% CI 0.56-0.78), and 0.81 (95% CI 0.72-0.90), respectively. Figure 4 shows a typical inferior perfusion defect at stress using the dual-isotope highspeed MPI protocol in a 53-year-old man with significant stenosis of the right coronary artery as determined by ICA. According to stenosis distribution, AUCs were 0.88, 0.87, and 0.90 for the LAD, LCx, and RCA, respectively ( Figure 5 ). The estimated radiation dose for dual-isotope high-speed MPI was of 12.0 ± 0.9 mSv.
DISCUSSION
This study investigates for the first time the accuracy of a dual stress thallium-rest technetium-99m Sequential DI-HS-MPI using a DNM SPECT system for the detection of CAD assessed by invasive coronary angiography. Dual-isotope high-speed MPI demonstrated high sensitivity and accuracy for the detection of CAD and significant time gain.
The possibility of performing a dual-isotope thallium-201 stress/rest technetium-99m protocol using a conventional three-detector Anger camera was proposed in 2008 by Steele et al 14 However, cameras based on CZT detector technology such as the D-SPECT and the DNM recently became available with improved characteristics over standard cameras. D-SPECT and DNM have more detectors and each is more efficient, making it possible to return to dual-isotope protocols.
A first successful translation of dual-isotope protocol to this new generation of camera has been reported by Berman et al who used a gamma D-SPECT camera. 4 Here we show that this type of protocol can be performed with the second CZT camera, the DNM. Like Berman et al, we show that immediate imaging after rest technetium-99m tracer injection is possible and offers high image quality without significant hepatic interference using the DNM camera, as previously reported with the D-SPECT camera.
The use of a dual-isotope protocol affords several advantages. Thallium-201 is the most appropriate tracer for myocardial perfusion, with a first pass extraction fraction of 85%. 15, 16 In comparison with sestamibi or tetrofosmin, this enhances the detection of mild coronary stenosis. In comparison, sestamibi is a less efficient tracer for stress imaging (extraction fraction: 65%) although it has been shown to be suitable for determining myocardial viability at rest. 17 Reduced imaging time presents several advantages. In addition to reducing patient discomfort, sources of error associated with separate image acquisitions are reduced, and it makes it possible to record in both the supine and the prone positions: this helps when it comes to distinguishing a true perfusion defect from an artifact due to attenuation or patient motion. Moreover, the design of the DNM camera is compatible with a real prone position, unlike with the D-SPECT camera. Thallium stress imaging must be performed quite rapidly following injection in order to prevent redistribution. Consequently, considering the dual-isotope protocol acquisition time, stress tests can be performed every 25 minutes. Therefore, the protocol successfully reduced the length of the procedure for patients, but also required a specific organization inside the nuclear medicine department.
Other studies aimed at comparing CZT SPECT MPI to coronary angiography have been reported before, 6, [18] [19] [20] [21] [22] [23] [24] but the present study investigates for the first time the use of a dual-isotope protocol in a cohort using a DNM SPECT system. Nakazato et al performed dual-isotope Stress thallium-201-rest technetium-99m-sestamibi on patients who underwent diagnostic ICA within 6 months. However, the dual-isotope protocol was only carried out in a subgroup of 17 patients out of a cohort of 142 and a D-SPECT camera was used 19 so it is difficult to assess the real performance of dual-isotope protocols from this data. It is difficult to compare the results of these studies because of differences in inclusion and exclusion criteria as well as in the prevalence of CAD. However, the overall performance for detection of CAD in the present study was similar to that reported by others using single isotope protocols in comparison with coronary angiography. 6, [18] [19] [20] [21] [22] [23] [24] The low specificity that was observed in this study is probably due to the study design and the high prevalence of CAD. Referral bias (i.e., performing coronary angiography based on clinical indication and selected patients rather than based on the sole MPI results) is known to significantly alter specificity of MPI, with values as low as 37% as reported by Duvall et al 20 This limitation is countered by use of the normalcy rate. A high rate of false-positive results can also be explained by two others elements. Although the level of concordance between conventional SPECT and invasive fractional flow reserve (FFR) measurement has been studied, the level of concordance between FFR and CZT-based SPECT is not yet well known. Moreover, the improved spatial resolution of CZT detectors together with the use of thallium-201 during stress might result in improved visualization of perfusion defects due to endothelial dysfunction without any significant CAD by IA. Indeed, myocardial ischaemia may occur in the absence of overt atherosclerotic diseases in the epicardial coronary vessels demonstrable by coronary angiography. Myocardial ischaemia in these settings is often associated with abnormalities of the coronary microcirculation. These elements might in turn further affect the specificity of this device. Further studies including the measurement of FFR, coronary flow reserve and index of coronary microcirculation dysfunction will be necessary to complete dual-isotope protocol data. The other element is that DNM system acquires MPI without movement of the detectors and reduction of artifacts due to patient motion during acquisition should result in higher values for specificity (fewer false positives). However, recent work shows that the relatively few number of detector places higher demands on requirements for precise positioning of the heart within the center of the field-ofview. A suboptimal patient positioning leads count loss and false positive myocardial perfusion SPECT studies. 25 So, for example, protocol could be improved by placing point source markers on the patient's skin to facilitate repositioning. Because DNM has this limit, it could be even more desirable to avoid repositioning the patient between stress and rest, and others studies will be necessary to determined the real source of the benefit offered by prone imaging. Probably to minimizing the repositioning and patient motion problems, simultaneous multi-isotope is the better solution. However, CZT-systems have ever demonstrated the capability to simultaneously image thallium-201 and technetium99m in clinical application to MPI, which had been shown with gamma cameras equipped with sodium iodide detectors and Multi-Pinhole SPECT system. 14 This technical limitation is due to spectral distortion when CZT is pixelated into a rectangular grid to create high resolution large area detectors for medical imaging. The gaps that are created between the CZT pixel elements provide an edge region in which incident photons do not completely interact resulting in ''spectral down-shifting'' of the energy detected from these partially interacted primary photons. This phenomenon is also termed charge sharing. 26 This makes difficult to perform scatter and cross talk correction to separate thallium-201 and technetium-99m peak.
It is worth noting that the AUC of 0.88 found for the population as a whole did not vary according to the territory of stenosis: this can be attributed to the reduction of attenuation artifacts and improved spatial resolution for the LCx and RCA territories. The performance of dual-isotope high-speed MPI in the diagnosis of CAD has been evaluated in the present study. Nevertheless, further studies will be required to assess the long-term prognostic value of this new modality in a large population. Because CZT cameras have been designed to provide better spatial resolution and sensitivity than the Anger camera, such studies will be needed to confirm previously reported prognostic data 27 as well as to investigate the usefulness of dual-isotope protocols.
Clinical Implication
Dual-isotope high-speed MPI affords rapid, reliable evaluation of myocardial ischemia with both prone and supine post-stress images acquired in less than 30 minutes. Fast, reliable examination techniques are of particular relevance in the chest pain unit. Current guidelines recommend nuclear imaging in patients with acute chest pain, no ischemic ECG changes and negative peak troponin levels. 28 In this context, normal coronary computed tomography angiography (CCTA) could exclude CAD 29 but, although this examination provides anatomical information, it does not detect ischemia. The evaluation of ischemia directly impacts on medical care and provides additive prognostic value. 27 In consequence, the increasing availability of CZT cameras will provide important ischemia-related prognostic information.
Limitations
The study was conducted at a single site and the sample size was relatively small. High prevalence of angiographic CAD has biased the results in favor of the technique being analyzed. The principal limit of our study is the impact of verification bias on our results. Indeed, 84% of the population had abnormal images, which results in marked inflation of the derived values for sensitivity and accuracy, since the number of true positive tests will greatly exceed the number of both true negative and false negative test results. Coronary angiograms were performed for clinical indications on selected patients rather than on all patients. Hence, as in other studies, the normalcy rate determined from patients with a low probability of CAD was found to be high. However, this is the first clinical study with largest cohort, which compares Stress thallium-201/Rest technetium-99m Sequential dual-isotope high-speed MPI vs ICA for detection of CAD. Our study highlights the value of assessing the performance of dual-isotope highspeed MPI in current clinical practice. A large number of intermediate-to-high-risk stable patients were included in agreement with current guidelines; neither patients with a history of CAD or left bundle branch block nor those with an implanted pacemaker were excluded. We show that dual-isotope high-speed MPI is reliable at detecting or ruling out CAD. In our study, coronary angiography was used as the gold standard but the correlation between anatomical stenosis and myocardial ischemia has been reported as being imperfect. 30 Another limitation was the fact that the present study focused on ischemia and left ventricular ejection fraction at stress was not determined. The early injection of MIBI after stress without the use of nitrates could be associated to an underestimation of myocardial viability. Probably, the usefulness of dual-isotope protocols with CZT camera to investigate viability must be validated in comparison to gold-standard test for viability.
It is desirable to develop new protocols for high efficiency cameras. However, the goal should be not only a fast test but also a safe and low radiation test. Indeed, protocols can be developed which take longer but in which the overall dose delivered is lower, rather than an ultra-fast protocol as described in this study. 21 The new CZT gamma cameras should thus make it possible to match the protocol used to the patient's morphology and the clinical picture to deliver the lowest possible dose of radiation in line with international recommendations. 31 Our protocol could be tailored to a pre-specified group of patients in whom benefit exceeds the risk (such as older patients with known CAD). Moreover, optimization is possible with reviewed of stress images prior to technetium-99m injection. If normal, less radiation and a shorter test could be offered.
NEW KNOWLEDGE GAINED
This is the first clinical study, which compares stress thallium-201/rest technetium-99m sequential dual-isotope high-speed MPI vs ICA for detection of CAD. Dual-isotope high-speed MPI showed high sensitivity and accuracy with a far shorter imaging time. The limits of the protocol were also shown with low specificity and radiation exposure not optimal. But our study is a step toward better utilization of DNM system.
CONCLUSION
Dual-isotope high-speed MPI is reliable at detecting or ruling out CAD.
